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(54) Cascaded organic electroluminescent devices with improved voltage stability 



(57) A cascaded organic electroluminescent device 
with connecting units having improved voltage stability 
is disclosed. The device comprises an anode, a cath- 
ode, a plurality of organic electroluminescent units dis- 
posed between the anode and the cathode, wherein the 
organic electroluminescent units comprise at least a 
hole-transporting layer and an electron-transporting lay- 



er, and a connecting unit disposed between each adja- 
cent organic electroluminescent unit, wherein the con- 
necting unit comprises, in sequence, an n-type doped 
organic layer, an interfacial layer, and a p-type doped 
organic layer, and wherein the interfacial layer prevents 
diffusion or reaction between the n-type doped organic 
layer and the p-type doped organic layer. 
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Description 

[0001] The present invention relates to providing a 
plurality of organic electroluminescent (EL) units to form 
a cascaded organic electroluminescent device. 
[0002] While organic electroluminescent devices 
have been known for over two decades, their perform- 
ance limitations have represented a barrier to many de- 
sirable applications. In simplest form, an organic elec- 
troluminescent device is comprised of an anode for hole 
injection, a cathode for electron injection, and an organic 
layer sandwiched between these electrodes to support 
charge recombination that yields emission of light. 
These devices are also commonly referred to as organic 
light-emitting diodes, or OLEDs. Representative of ear- 
lier OLEDs are Gurnee and others US-A-3, 172,862, is- 
sued March 9, 1965; Gurnee US-A-3, 173,050, issued 
March 9, 1965; Dresner, "Double Injection Electrolumi- 
nescence in Anthracene", RCA Review, 30, 322-334 
(1969); and Dresner US-A-3,710,167, issued January 
9, 1973. The organic layers in these devices, usually 
composed of a polycyclic aromatic hydrocarbon, were 
very thick (much greater than 1 u.m). Consequently, op- 
erating voltages were very high, often >100V. 
[0003] More recent OLEDs include an organic medi- 
um consisting of extremely thin layers (for example, 
<1.0 urn) between the anode and the cathode. Herein, 
the term "organic medium" encompasses the layers be- 
tween the anode and cathode electrodes. Reducing the 
thickness lowered the resistance of the organic layer 
and has enabled devices that operate much lower volt- 
age. In a basic two-layer OLED structure, described first 
by Tang and others US-A-4, 356,429, one organic layer 
of the organic medium adjacent to the anode is specifi- 
cally chosen to transport holes, therefore, it is referred 
to as the hole-transporting layer (HTL), and the other 
organic layer is specifically chosen to transport elec- 
trons, referred to as the electron-transporting layer 
(ETL). Recombination of the injected holes and elec- 
trons within the organic medium results in efficient elec- 
troluminescence. 

[0004] There have also been proposed three-layer 
OLEDs that contain an organic light-emitting layer (LEL) 
between the HTL and the ETL, such as that disclosed 
by Tang and others " Electroluminescence of Doped Or- 
ganic Thin Films", J. Applied Physics, 65, 3610-3616 
(1989). The LEL commonly consists of a host material 
doped with a guest material. Still further, there has been 
proposed by Tang and others in US-A-4, 769,292 a four- 
layer OLED adding a hole-injecting layer (HIL) between 
anode and the HTL. These structures have resulted in 
improved device performance. 
[0005] Moreover, in order to further improve the per- 
formance of the OLEDs, a new kind of OLED structure 
called stacked OLED, which is fabricated by stacking 
several individual OLED vertically, has also been pro- 
posed. Forrest and others in US-A-5,703,436 and Bur- 
rows and others in US-A-6,274,980 disclosed their 



stacked OLEDs. In their inventions, the stacked OLEDs 
are fabricated by vertically stacking several OLEDs, 
each independently emitting light of a different color or 
of the same color. Using their stacked OLED structure 

5 can make full color emission devices with higher inte- 
grated density in the display, but each OLED needs a 
separate power source. In an alternative design, Jones 
and others in US-A-6,337,492 proposed a stacked 
OLED structure by vertically stacking several OLED 

10 without individually addressing each OLED in the stack. 
Jones and others believe that their stacked structure 
could increase the luminance output and operational 
lifetime. 

[0006] The aforementioned stacked OLEDs use indi- 
15 vidual OLEDs (anode/organic medium/cathode) as 
building blocks to fabricate the stacked OLEDs. The 
complex architecture in these designs presents serious 
fabrication problems. It is difficult to achieve high optical 
transparency in the visible light range due to the pres- 
20 ence of electrodes internal to the stack (intra-elec- 
trodes). This reduces the overall device efficiency. 
[0007] It is an object of the present invention to make 
a cascaded OLED with improved overall operational 
stability. 

25 [0008] It is another object of the present invention to 
make a cascaded OLED with improved voltage stability. 
[0009] These objects are achieved by a cascaded or- 
ganic electroluminescent device comprising: 

30 a) an anode; 

b) a cathode; 

c) a plurality of organic electroluminescent units dis- 
posed between the anode and the cathode, wherein 
the organic electroluminescent units comprise at 

35 least a hole-transporting layer and an electron- 
transporting layer; and 

d) a connecting unit disposed between each adja- 
cent organic electroluminescent unit, wherein the 
connecting unit comprises, in sequence, an n-type 

40 doped organic layer, an interfacial layer, and a re- 
type doped organic layer, wherein the interfacial 
layer prevents diffusion or reaction between the n- 
type doped organic layer and the p-type doped or- 
ganic layer. 

45 

[0010] An advantage of the present invention is that 
it enables a cascaded OLED to function without requir- 
ing intra-electrodes, thereby lowering optical losses. 
[001 1] Another advantage of the present invention is 
50 that the cascaded OLED has very stable driving voltage 
during operation. 

[0012] Another advantage of the present invention is 
that the cascaded OLED provides significantly improved 
luminance efficiency as measured in cd/A compared to 
55 the conventional non-cascaded OLED device. 

[0013] Another advantage of the present invention is 
that the cascaded OLED has an increased brightness if 
operated under the same current as that of the conven- 
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tional OLED. , , nl Fn 

[0014] Another advantage is that the cascaded OLED 
has an increased lifetime if operated under the same 
brightness as that of the conventional OLED. 
[001 51 Another advantage of the present invention is 
that the cascaded OLED has a decreased driving volt- 
age and an increased optical output compared to the 
prior arts of stacked OLEDs. 
[0016] Another advantage of the present invention is 
that the cascaded OLED can be operated with a single 
voltage source with only two electrical bus conductors 
connecting the device to an external circuit. Thus its de- 
vice architecture is significantly less complex than those 
reported in the prior art and is therefore much easier and 
less costly to fabricate. , 
[0017] Another advantage of the present invention is 
that the cascaded OLED can have a new way to adjust 
the emission color of the device by mixing appropriate 
organic electroluminescent units with different color 

emissions. . 

[0018] Another advantage of the present invention is 
that high efficiency white electroluminescence can be 

produced. . 
[0019] Another advantage of the present invention is 
that the cascaded OLED can be effectively used in a 
lamp. 

FIG 1 depicts a schematic cross sectional view of 
a cascaded OLED in accordance with the present 
invention, having a plurality of organic EL units and 
having a connecting unit in between each of the or- 
ganic EL units; 

FIG 2 depicts a schematic cross sectional view of 
a connecting unit having an n-type doped organic 
layer, an interfacial layer, and a p-type doped organ- 
ic layer useful in the cascaded OLED in accordance 
with the present invention; 
FIG. 3 is a graph of luminance vs. operational time 
in accordance with the present invention as well as 
the reference devices under a constant driving cur- 
rent density of 20 mA/cm* and at the room temper- 
ature; and 

FIG 4 is a graph of driving voltage vs. operational 
time of the cascaded OLEDs in accordance with the 
present invention as well as the reference devices 
under a constant driving current density of 20 mA/ 
cm 2 and at the room temperature. 



[0020] It will be understood that FIGS. 1 - 2 are not to 
scale since the individual layers are too thin and the 
thickness differences of various layers too great to per- 
mit depiction to scale. 

[0021] For a cascaded OLED to function efficiently, it 
is necessary that the optical transparency of the layers 
constituting the organic EL units and the connecting 
units be as high as possible to allow for radiation gen- 
erated in the organic EL units to exit the device. Further- 
more for the radiation to exit through the anode, the an- 



ode should be transparent and the cathode can be 
opaque, reflecting, or transparent. For the rad.at.on to 
exit through the cathode, the cathode should be trans- 
parent and the anode can be opaque, reflecting ortrans- 
s parent. The layers constituting the organic EL units are 
generally optically transparent to the radiation generat- 
ed by the EL units, and therefore their transparency is 
generally not a concern for the construction for the cas- 
caded OLEDs. Likewise, the layers constituting the con- 
to necting units can be constructed from selected organic 
materials and appropriate n-type or p-type dopants such 
that their optical transparency can be made as high as 

[0022] 18 Another requirement for the cascaded OLED 
is to function efficiently is that the connecting unit should 
provide electron injection into the electron-transporting 
layer and the hole injection into the hole-transporting 
layer of the two adjacent organic EL units. The combi- 
nation of these device properties, that is. high optical 
20 transparency and excellent charge injection, offers the 
cascade OLED high electroluminescence efficiency and 
operation at an overall low driving voltage. 
[0023] The operational stability of cascaded OLED is 
dependent to a large extent on the stability of the con- 
25 necting units. In particular, the driving voltage will be 
highly dependent on whether or not the organic connect- 
ing unit can provide the necessary electron and hole in- 
jection. It is generally known that the close proximity of 
two dissimilar materials may result in diffusion of matters 
30 from one into another, or in interdiffusion of matters 
across the boundary between the two. In the case of the 
cascaded OLED. if such diffusion were to occur in the 
connecting unit between the n-type doped organic layer 
and the p-type doped organic layer, the injection prop- 
35 erties of this organic connecting unit may degrade cor- 
respondingly due to the fact that the individual n-type 
doped layer or p-type doped layer may no longer be suf- 
ficiently electrical conductive. Diffusion or interdiffusion 
is dependent on temperature as well as other factors 
40 such as electrical field induced migration. The latter is 
plausible in cascaded OLED devices since the opera- 
tion of OLED generally requires an electric field as high 
as 10 6 volt per centimeter. To prevent such an opera- 
tionally induced diffusion in the connecting units of a 
45 cascaded OLED, a interfacial layer in accordance with 
the present invention is introduced in between the n- 
type doped layer and the p-type doped layer, which pro- 
vides a barrier for interfusion. 
[0024] FIG. 1 shows a cascaded OLED 1 00 in accord- 
so ance with the present invention. This cascaded OLED 
has an anode 110 and a cathode 140, at least one of 
which is transparent. Disposed between the anode and 
the cathode are N organic EL units 120, where N is an 
integer greater than 1 . These organic EL units, cascad- 
55 ed serially to each other and to the anode and the cath- 
ode, are designated 120.1 to 120.N where 120.1 is the 
first EL unit (adjacent to the anode) and 1 20.N is the N* 
unit (adjacent to the cathode). The term. EL unit 120, 
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represents any of the EL units named from 120.1 to 
120.N in the present invention. When N is greater than 
2, there are organic EL units not adjacent to the anode 
or cathode, and these can be referred to as intermediate 
organic EL units. Disposed between any two adjacent 
organic EL units is a connecting unit 130. There are a 
total of N-1 connecting units associated with N organic 
EL units and they are designated 130.1 to 130.(N-1). 
Connecting unit 130.1 is disposed between organic EL 
units 1 20.1 and 1 20.2, connecting unit 1 30.2 is disposed 
between organic EL units 120.2 and 120.3, and con- 
necting unit 130.(N-1) is disposed between organic EL 
units 120.(N-1) and 120.N. The term, connecting unit 
130, represents any of the connecting units named from 
1 30.1 to 1 30.(N-1 ) in the present invention. The cascad- 
ed OLED 100 is externally connected to a voltage/cur- 
rent source 150 through electrical conductors 160. 
[0025] Cascaded OLED 100 is operated by applying 
an electric potential generated by a voltage/current 
source 1 50 between a pair of contact electrodes, anode 
110 and cathode 140, such that anode 110 is at a more 
positive potential with respect to the cathode 140. This 
externally applied electrical potential is distributed 
among the N organic EL units in proportion to the eleo- 
trical resistance of each of these units. The electric po- 
tential across the cascaded OLED causes holes (posi- 
tively charged carriers) to be injected from anode 110 
into the 1 st organic EL unit 120.1, and electrons (nega- 
tively charged carriers) to be injected from cathode 140 
into the N 1 * 1 organic EL unit 1 20.N. Simultaneously, elec- 
trons and holes are generated in, and separated from, 
each of the connecting units (130.1 - 130.(N-1)). Elec- 
trons thus generated in, for example, connecting unit 
130.(x-1) (1 < x < N) are injected towards the anode and 
into the adjacent organic EL unit 120.(x-1). Likewise, 
holes generated in the connecting unit 130.(x-1) are in- 
jected towards the cathode and into the adjacent organ- 
ic EL unit 120.x. Subsequently, these electrons and 
holes recombine in their corresponding organic EL units 
to produce light, which is observed via the transparent 
electrode or electrodes of the OLED. In other words, the 
electrons injected from cathode are energetically cas- 
cading from the N* 1 organic EL unit to the 1 st organic EL 
unit, and emit light in each of the organic EL units. There- 
fore, we prefer to use the term "cascaded OLED" in- 
stead of "stacked OLED" in the present invention. 
[0026] There are many organic EL multilayer struc- 
tures known in the art that can be used as the organic 
EL unit of the present invention. These include HTL/ 
ETL, HTL/LEL/ETL, HIL/HTLAEUETL, HIL/HTL/LEL/ 
ETL/EIL, HIL/HTLfelectron-blocking layer or hole-block- 
ing layer/LEL/ETL/EIL, HIL/HTLAELmole-blocking lay- 
er/ETL/ EIL. Each organic EL unit in the cascaded OLED 
can have the same or different layer structures from oth- 
er organic EL units. The layer structure of the 1 st organic 
EL unit adjacent to the anode preferably is of HIL/HTLV 
LEL/ETL, and the layer structure of the N 1 * organic EL 
unit adjacent to the anode preferably is of HTL/LEL/ETL7 



EIL, and the layer structure of the intermediate organic 
EL units preferably are of HTL/LEL/ETL. 
[0027] The organic layers in the organic EL unit 120 
can be formed from small molecule OLED materials or 

5 polymeric LED materials, both known in the art, or com- 
binations thereof. The corresponding organic layer in 
each organic EL unit in the cascaded OLED device can 
be the same or different from other corresponding or- 
ganic layers. Some organic EL units can be polymeric 

10 and other units can be of small molecules. 

[0028] Each organic EL unit can be selected in order 
to optimize performance or achieve a desired attribute, 
for example, light transmission through the OLED mul- 
tilayer structure, driving voltage, luminance efficiency, 

is light emission color, manufacturability, device stability, 
and so forth. 

[0029] In order to minimize driving voltage for the cas- 
caded OLED, it is desirable to make each organic EL 
unit as thin as possible without compromising the elec- 

20 troluminescence efficiency. It is preferable that each or- 
ganic EL unit is less than 500 nm thick, and more pref- 
erable that it be 2 - 200 nm thick. It is also preferable 
that each layer within the organic EL unit be 200 nm thick 
or less, and more preferable that it be 0.1 - 100 nm. 

25 [0030] The number of the organic EL units in the cas- 
caded OLED is, in principle, equal to or more than 2. 
Preferably, the number of the organic EL units in the cas- 
caded OLED is such that the luminance efficiency in 
units of cd/A is improved or maximized. 

30 [0031] As is known, the conventional OLED compris- 
es an anode, an organic medium, and a cathode. In the 
present invention, the cascaded OLED comprises an 
anode, a plurality of organic EL units, a plurality of con- 
necting units, and a cathode, wherein the connecting 

35 unit is a new feature in the cascaded OLED. 

[0032] The connecting units provided between adja- 
cent organic EL units are crucial, as they are needed to 
provide for efficient electron and hole injection into the 
adjacent organic EL units. The layer structure of the con- 

40 necting unit is shown in FIG. 2. It comprises, in se- 
quence, an n-type doped organic layer 131, an interfa- 
cial layer 132, and a p-type doped organic layer 133. 
The n-type doped organic layer 131 is adjacent to the 
ETL of the organic EL unit towards the anode side, and 

45 the p-type doped organic layer 133 is adjacent to the 
HTL of the organic EL unit towards the cathode side. 
The n-type doped organic layer is chosen to provide ef- 
ficient electron injection into the adjacent electron-trans- 
porting layer. The p-type doped organic layer is chosen 

50 to provide efficient hole-injection into the adjacent hole- 
transporting layer. The use of an interfacial layer in the 
connecting unit is to prevent possible interdiffusion or 
reaction between the n-type doped organic layer and the 
p-type doped organic layer. To preserve the operational 

55 characteristics of the cascaded OLED, this additional in- 
terfacial layer should not result in an increase in electri- 
cal resistance nor a decrease in the optical transparen- 
cy, otherwise the driving voltage would increase and the 
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light output would decrease. Therefore, the interfacial 
layer has at least 90% optical transmission in the visible 
region of the spectrum. The chemical composition and 
the thickness of the interfacial layer will influence both 
the diffusion barrier and optical properties and will there- 
fore need to be optimized. Because the organic layers 
are particularly sensitive to degradation during deposi- 
tion, the method of deposition will need to be optimized 
as well. 

[0033] An n-type doped organic layer means that the 
layer is electrically conductive, and the charge carriers 
are primarily electrons. The conductivity is provided by 
the formation of charge-transfer complex as a result of 
electron-transfer from the dopant to the host material. 
Depending on the concentration and the effectiveness 
of the dopant in donating an electron to the host mate- 
rial, the layer electrical conductivity can range from sem- 
iconducting to conducting. Likewise, a p-type doped or- 
ganic layer means that the layer is electrically conduc- 
tive, and the charge carriers are primarily holes. The 
conductivity is provided by the formation of charge- 
transfer complex as a result of hole-transfer from the 
dopant to the host material. Depending on the concen- 
tration and the effectiveness of the dopant in donating 
a hole to the host material, the layer electrical conduc- 
tivity can range from semiconducting to conducting. 
[0034] The n-type doped organic layer in each con- 
necting unit comprises a host organic material and at 
least one n-type dopant. The host material in the n-typed 
doped organic layer comprises a small molecule mate- 
rial or a polymeric material, or a combination thereof. It 
is preferred that this host material can support electron- 
transport. The p-type doped organic layer in each of the 
connecting unit comprises a host organic material and 
at least one p-type dopant. The host material comprises 
a small molecule material or a polymeric material, or a 
combination thereof. It is preferred that this host material 
can support hole transport. In general, the host material 
for the n-type doped layer is different from the host ma- 
terial for the p-type doped layer because of the differ- 
ence in conduction type. But in some instances, some 
organic materials can be used as a host in either n-typed 
or p-type doped organic layer. These materials are ca- 
pable of supporting the transport of either holes or elec- 
trons. Upon doping with an appropriate n-type or p-type 
dopant, the doped organic layer would then exhibit pri- 
marily either electron-transport or hole-transport, re- 
spectively. The n-type doped concentration or the p-type 
doped concentration is preferably in the range of 0.01 - 
20 vol. %. The total thickness of each connecting unit is 
typically less than 200 nm, and preferably in the range 
of about 1 to 1 50 nm. 

[0035] The electron-transporting materials used in 
conventional OLED devices represent a useful class of 
host materials for the n-type doped organic layer. Pre- 
ferred materials are metal chelated oxinoid compounds, 
including chelates of oxine itself (also commonly re- 
ferred to as 8-quinolinol or 8-hydroxyquinoline), such as 



tris(8-hydroxyquinoline) aluminum. Other materials in- 
clude various butadiene derivatives as disclosed by 
Tang (US-A-4,356,429), various heterocyclic optical 
brighteners as disclosed by Van Slyke and others 

5 (US-A-4,539,507), triazines, hydroxyquinoline deriva- 
tives, and benzazole derivatives. Silole derivatives, 
such as 2,5-bis(2\2"-bipridin-6-yl)-1 ,1 -dimethyl- 
3,4-diphenyl silacyclopentadiene reported by Murata 
and others (Applied Physics Letters, 80, 1 89 [2002]), are 

to also useful host materials. 

[0036] The materials used as the n-type dopants in 
the n-type doped organic layer of the connecting units 
include metals or metal compounds having a work-func- 
tion less than 4.0 eV. Particularly useful dopants include 

15 alkali metals, alkali metal compounds, alkaline earth 
metals, and alkaline earth metal compounds. The term 
"metal compounds" includes organometallic complex- 
es, metal-organic salts, and inorganic salts, oxides and 
halides. Among the class of metal-containing n-type do- 

20 pants, Li, Na, K, Rb, Cs, Mg, Ca, Sr, Ba, La, Ce, Sm, 
Eu, Tb, Dy, or Yb, and their inorganic or organic com- 
pounds, are particularly useful. The materials used as 
the n-type dopants in the n-type doped organic layer of 
the connecting units also include organic reducing 

25 agents with strong electron-donating properties. By 
"strong electron-donating properties" it is meant that the 
organic dopant should be able to donate at least some 
electronic charge to the host to form a charge-transfer 
complex with the host. Non-limiting examples of organic 

30 molecules include bis(ethylenedithio)-tetrathiafulvalene 
(BEDT-TTF), tetrathiafulvalene (TTF), and their deriva- 
tives. In the case of polymeric hosts, the dopant can be 
any of the above or also a material moleculariy dis- 
persed or copolymerized with the host as a minor com- 

35 ponent 

[0037] The hole-transporting materials used in con- 
ventional OLED devices represent a useful class of host 
materials for the p-type doped organic layer. Preferred 
materials include aromatic tertiary amines having at 

40 least one trivalent nitrogen atom that is bonded only to 
carbon atoms, at least one of which is a member of an 
aromatic ring. In one form the aromatic tertiary amine 
can be an arylamine, such as a monoarylamine, diar- 
ylamine, triarylamine, or a polymeric arylamine. Other 

45 suitable triarylamines substituted with one or more vinyl 
radicals and/or comprising at least one active hydrogen- 
containing group are disclosed by Brantley and others 
(US-A-3,567,450 and US-A-3,658 t 520). A more pre- 
ferred class of aromatic tertiary amines are those which 

50 include at least two aromatic tertiary amine moieties as 
described by Van Slyke and others (US-A-4,720,432 
and US-A-5,061 ,569). Non-limiting examples include as 
N.N'-diCnaphthalene-l-yl^N^'-diphenyl-benzidine 
(NPB) and N.N'-diphenyl-N.N'-bisp-methylphenyl)- 

55 1 .l-biphenyl-M'-diamine (TPD), and N,N,N' ,N'-tetran- 
aphthyl-benzidine (TNB). 

[0038] The materials used as the p-type dopants in 
the p-type doped organic layer of the connecting units 
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are oxidizing agents with strong electron-withdrawing 
properties. By "strong electron-withdrawing properties" 
it is meant that the organic dopant should be able to ac- 
cept some electronic charge from the host to form a 
charge-transfer complex with the host. Some non-limit- 
ing examples include organic compounds such as 
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane 
(F 4 -TCNQ)and other derivatives of TCNQ, and inorgan- 
ic oxidizing agents such as iodine, FeCI 3 , FeF 3 , SbCI 5 , 
and some other metal haiides. In the case of polymeric 
hosts, the dopant can be any of the above or also a ma- 
terial molecularly dispersed or copolymerized with the 
host as a minor component. 

[0039] Examples of materials that can be used as host 
for either the n-type or p-type doped organic layers in- 
clude, but are not limited to: various anthracene deriva- 
tives as described in US-A-5,972,247; certain carbazole 
derivatives, such as 4,4-bis(9-dicarbazolyl)-biphenyl 
(CBP); and distyrylarylene derivatives such as 4,4 , -bis 
(2,2*-diphenyl vinyl )-1,V-biphenyl and as described in 
US-A-5,121,029. 

[0040] The interfacial layer 1 32 useful in the connect- 
ing unit comprises at least one inorganic semiconduct- 
ing material or combinations of more than one of the 
semiconducting materials. Suitable semiconducting 
materials should have an electron energy band gap less 
than 4.0 eV. The electron energy band gap is defined 
as the energy difference between the highest occupied 
molecular orbital and the lowest unoccupied molecular 
orbital of the molecule. A useful class of materials can 
be chosen from the compounds of elements listed in 
groups IVA, VA, VIA, VIIA, VIIIIA, IB, MB, IIIB, IVB, and 
VB in the Periodic Table of the Elements (for example, 
the Periodic Table of the Elements published by VWR 
Scientific Products). These compounds include the car- 
bides, silicides, nitrides, phosphides, arsenides, oxides, 
sulfides, selenides, and tellurides, and mixture thereof. 
These semiconducting compounds can be in either sto- 
ichoimetic or non-stoichiometic states, that is they may 
contain excess or deficit metal component. Particularly 
useful materials for the interfacial layer 132 are the sem- 
iconducting oxides of titanium, zirconium, hafnium, va- 
nadium, niobium, tantalum, chromium, molybdenum, 
tungsten, manganese, rhenium, iron, ruthenium, os- 
mium, cobalt, rhodium, iridium, nickel, palladium, plati- 
num, copper, zinc, cadmium, gallium, thallium, silicon, 
germanium, lead, and antimony, or combinations there- 
of. Particularly useful materials for the interfacial layer 
132 also including zinc selenide, gallium nitride, silicon 
carbide, or combinations thereof. 
[0041 ] The interfacial layer 1 32 useful in the connect- 
ing unit also can comprise at least one or more metallic 
materials, at least one of these metallic materials has a 
work-function higher than 4.0 eV as listed by Sze, in 
Physics of Semiconducting Devices, 2 nd Edition, Wiley, 
N.Y., 1981, p. 251. 

[0042] The thickness of the interfacial layer 132 suit- 
able for the construction of the connecting units is in the 



\ ; 
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range of 0.05 nm to 10 nm. Preferably, the range is be- 
tween 0. 1 nm to 5 nm for inorganic semiconducting ma- 
terials and between 0.05 nm to 1 nm for metallic mate- 
rials. 

5 [0043] The interfacial layer 132 suitable for the con- 
struction of the connecting units is fabricated by thermal 
evaporation, electron-beam evaporation, or ion sputter- 
ing deposition. Preferably the interfacial layer 1 32 is fab- 
ricated by thermal evaporation which is compatible with 

10 the method to deposit organic layers. 

[0044] The cascaded OLED of the present invention 
is typically provided over a supporting substrate where 
either the cathode or* anode can be in contact with the 
substrate. The electrode in contact with the substrate is 

15 conveniently referred to as the bottom electrode. Con- 
ventionally, the bottom electrode is the anode, but the 
present invention is not limited to that configuration. The 
substrate can either be light transmissive or opaque, de- 
pending on the intended direction of light emission. The 

20 light transmissive property is desirable for viewing the 
EL emission through the substrate. Transparent glass 
or plastic is commonly employed in such cases. For ap- 
plications where the EL emission is viewed through the 
top electrode, the transmissive characteristic of the bot- 

25 torn support is immaterial, and therefore can be light 
transmissive, light absorbing or light reflective. Sub- 
strates for use in this case include, but are not limited 
to, glass, plastic, semiconductor materials, silicon, ce- 
ramics, and circuit board materials. Of course, it is nec- 

30 essary to provide in these device configurations a light- 
transparent top electrode. 

[0045] When EL emission is viewed through anode 
110, the anode should be transparent or substantially 
transparent to the emission of interest. Common trans- 

35 parent anode materials used in the present invention are 
indium-tin oxide (ITO), indium-zinc oxide (IZO) and tin 
oxide, but other metal oxides can work including, but not 
limited to, aluminum- or indium-doped zinc oxide, mag- 
nesium-indium oxide, and nickel-tungsten oxide. In ad- 

40 dition to these oxides, metal nitrides, such as gallium 
nitride, and metal selenides, such as zinc selenide, and 
metal sulfides, such as zinc sulfide, can be used as the 
anode. For applications where EL emission is viewed 
only through the cathode electrode, the transmissive 

45 characteristics of anode are immaterial and any conduc- 
tive material can be used, transparent, opaque or reflec- 
tive. Example conductors for this application include, but 
are not limited to, gold, iridium, molybdenum, palladium, 
and platinum. Typical anode materials, transmissive or 

50 otherwise, have a work-function higher than 4.0 eV. De- 
sired anode materials are commonly deposited by any 
suitable means such as evaporation, sputtering, chem- 
ical vapor deposition, or electrochemical means. An- 
odes can be patterned using well known photolitho- 

55 graphic processes. Optionally, anodes may be polished 
prior to application of other layers to reduce surface 
roughness so as to minimize electrical shorts or en- 
hance reflectivity. 
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[0046] While not always necessary, it is often useful 
to provide a HIL in the 1 st organic EL unit to contact the 
anode 110. The HIL can serve to improve the film for- 
mation property of subsequent organic layers and to fa- 
cilitate injection of holes into the HTL reducing the driv- 
ing voltage of the cascaded OLED. Suitable materials 
for use in the HIL include, but are not limited to, porphy- 
rinic compounds as described in US-A-4 ,720,432, plas- 
ma-deposited fluorocarbon polymers as described in 
US-A-6,208,075, and some aromatic amines, for exam- 
ple, m-MTDATA (4,4 , ,4"-tris[(3-ethylphenyl)phenylami- 
no]triphenylamine). A p-type doped organic layer for use 
in the aforementioned connecting unit is also useful for 
the HIL as described in US-A-6,423,429 B2. Alternative 
hole-injecting materials reportedly useful in organic EL 
devices are described in EP 0 891 121 A1 and EP 1 029 
909 A1. 

[0047] The HTL in organic EL units contains at least 
one hole-transporting compound such as an aromatic 
tertiary amine, where the latter is understood to be a 
compound containing at least one trivalent nitrogen at- 
om that is bonded only to carbon atoms, at least one of 
which is a member of an aromatic ring. In one form the 
aromatic tertiary amine can be an arylamine, such as a 
monoarylamine, diarylamine, triarylamine, or a polymer- 
ic arylamine. Exemplary monomelic triarylamines are il- 
lustrated by Klupfel and others US-A-3, 180,730. Other 
suitable triarylamines substituted with one or more vinyl 
radicals and/or comprising at least one active hydrogen 
containing group are disclosed by Brantley and others 
US-A-3,567,450 and US-A-3,658,520. 
[0048] A more preferred class of aromatic tertiary 
amines are those which include at least two aromatic 
tertiary amine moieties as described in US-A-4, 720 ,432 
and US-A-5,061 ,569. The HTL can be formed of a single 
or a mixture of aromatic tertiary amine compounds. Il- 
lustrative of useful aromatic tertiary amines are the fol- 
lowing: 

1,1-Bis(4-di-p-tolyIaminophenyl)cyclohexane 
1,1-Bis(4-di-p-tolylaminophenyl)-4-phenylcy- 

clohexane 

4,4'-Bis(diphenylamino)quadriphenyl 
Bis(4-dimethylamino-2-methylphenyl)-phenyl- 

methane 

N,N,N-Tri(p-tolyl)amine 

^(di-p-tolyiaminoH'-l^tdi-p-tolylaminoJ-styryllstil- 
bene 

N.N.N'.N-Tetra-p-tolyM^'-diaminobiphenyl 

N.N.N'^'-TetraphenyW.^-diaminobiphenyl 

N.N.N'.N'-tetra-l-naphthyM^-diaminobiphenyl 

N.N.N'.N'-tetra^-naphthyM^'-diaminobiphenyl 

N-Phenylcarbazole 

4,4'-Bis[N-(1-naphthyl)-N-phenylamino]biphenyl 
4,4-Bis[N-(1-naphthyl)-N-(2-naphthyl)amino]bi- 
phenyl 

4,4"-Bis[N-(1-naphthyl)-N-phenylamino]p-terphe- 
nyl 



12 

4 t 4-Bis[N-(2-naphthyl)-N-phenylamino]biphenyl 
4,4 , -Bis[N-(3-acenaphthenyl)-N-phenylamino]bi- 
phenyl 

1.5- Bis[N-(1-naphthyl)-N-phenylamino]naphtha- 

5 lene 

4,4'-Bis[N-(9-anthryl)-N-phenylamino]biphenyl 
4,4"-Bis[N-(1-anthryl)-N-phenylamino]-p-terphenyl 
4,4'-BistN-(2-phenanthryl)-N-phenylamino]biphe- 
nyl 

10 4,4'-Bis[N-(8-fluoranthenyl)-N-phenylamino]biphe- 
nyl 

4 t 4'-Bis[N-(2-pyrenyl)-N-phenylamino]biphenyl 
4 f 4'-Bis[N-(2-naphthacenyl)-N-phenylamino]biphe- 

nyl 

15 4,4'-Bis[N-(2-perylenyl)-N-phenylamino]biphenyl 
4,4'-Bis[N-(1-coronenyl)-N-phenylamino]biphenyl 
2 t 6-Bis(di-p-tolylamino)naphtha!ene 

2.6- Bis[di-(1-naphthyl)amino]naphthalene 
2,6-Bis[N-(1-naphthyl)-N-(2-naphthyl)amino]naph- 

20 thalene 

N,N,N',N , -Tetra(2-naphthyi)-4,4 ,, -diamino-p-ter- 

phenyl 

4.4- Bis {N-phenyl-N-[4-(1 -naphthyl)-phenyl]ami- 
no}biphenyl 

25 4,4-Bis[N-phenyl-N-(2-pyrenYl)amino]biphenyl 
2,6-Bis[N,N-di(2-naphthyl)amine]fluorene 

1.5- Bis[N-(1-naphthyl)-N-phenylamino]naphtha- 

lene 

4,4 , ,4"-tris[(3-methylphenyl)phenylamino]triphe- 
30 nylamine 

[0049] Another class of useful hole-transporting ma- 
terials includes polycyclic aromatic compounds as de- 
scribed in EP 1 009 041. Tertiary aromatic amines with 

35 more than two amine groups may be used including ol- 
igomeric materials. In addition, polymeric hole-trans- 
porting materials can be used such as poly(N-vinylcar- 
bazole) (PVK), polythiophenes, polypyrrole, polyaniline, 
and copolymers such as poly(3,4-ethylenedioxythi- 

40 ophene)/poly(4-styrenesulfonate) also called PEDOT/ 
PSS. 

[0050] As more fully described in US-A-4,769,292 
and US-A-5,935,721, the LEL in organic EL units in- 
cludes a luminescent or fluorescent material where 

45 electroluminescence is produced as a result of electron- 
hole pair recombination in this region. The LEL can be 
comprised of a single material, but more commonly con- 
sists of a host material doped with a guest compound 
or compounds where light emission comes primarily 

50 from the dopant and can be of any color. The host ma- 
terials in the LEL can be an electron-transporting mate- 
rial, as defined below, a hole-transporting material, as 
defined above, or another material or combination of 
materials that support hole-electron recombination. The 

55 dopant is usually chosen from highly fluorescent dyes, 
but phosphorescent compounds, for example, transition 
metal complexes as described in WO 98/55561, WO 
00/18851, WO 00/57676, and WO 00/70655 are also 
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useful. Dopants are typically coated as 0.01 to 10% by 
weight into the host material. Polymeric materials such 
as polyfluorenes and polyvinylarylenes (for example, 
poly[p-phenyleneviny!ene], PPV) can also be used as 
the host material. In this case, small molecule dopants 
can be moleculariy dispersed into the polymeric host, or 
the dopant could be added by copolymerizing a minor 
constituent into the host polymer. 
[0051] An important relationship for choosing a dye 
as a dopant is a comparison of the electron energy band 
gap. For efficient energy transfer from the host to the 
dopant molecule, a necessary condition is that the band 
gap of the dopant is smaller than that of the host mate- 
rial. For phosphorescent emitters it is also important that 
the host triplet energy level of the host be high enough 
to enable energy transfer from host to dopant. 
[0052] Host and emitting molecules known to be of 
use include, but are not limited to, those disclosed in 
US-A-4,768,292; US-A-5,141,671; US-A-5, 150,006; 
US-A-5,151,629; US-A-5, 405, 709; US-A-5,484,922; 
US-A-5,593,788; US-A-5, 645, 948; US-A-5, 683 ,823; 
US-A-5,755,999; US-A-5,928,802; US-A-5,935,720; 
US-A-5,935,721; and US-A-6,020,078. 
[0053] Metal complexes of 8-hydroxyquinoline (ox- 
ine) and similar derivatives constitute one class of useful 
host compounds capable of supporting electrolumines- 
cence. Illustrative of useful chelated oxinoid compounds 
are the following: 

CO-1 : Aluminum trisoxine [alias, tris(8-quinolinolato) 
aluminum(lll)] 

CO-2: Magnesium bisoxine [alias, bis(8-quinolinola- 

to)magnesium(ll)] 
CO-3: Bis[benzo{f}-8-quinolinolato]zinc (II) 
CO-4: Bis(2-methyl-8-quinolinolato)aluminum(lll)-n- 

oxo-bis(2-methyl-8-quinolinolato) aluminum 

(III) 

CO-5: Indium trisoxine [alias, tris(8-quinolinolato)in- 
dium] 

CO-6: Aluminum tris(5-methytoxine) [alias, tris 

(5-methyl-8-quinolinolato) aluminum(l 1 1 )] 
CO-7: Lithium oxine [alias, (8-quinolinolato)lithium 

(I)] 

CO-8: Gallium oxine [alias, tris(8-quinolinolato)gal- 
lium(lll)] 

CO-9: Zirconium oxine [alias, tetra(8-quinolinolato) 
zirconium(IV)] 

[0054] Other classes of useful host materials include, 
but are not limited to, derivatives of anthracene, such as 
9,10-di-(2-naphthyl)anthracene and derivatives thereof 
as described in US-A-5,935,721, distyrylarylene deriv- 
atives as described in US-A-5 ,121 ,029, and benzazole 
derivatives, for example, 2, 2\ 2 B -(1,3,5-phenylene)tris 
[1 -phenyl-1 H-benzimidazole]. Carbazole derivatives 
are particularly useful hosts for phosphorescent emit- 
ters. 

[0055] Useful fluorescent dopants include, but are not 



limited to, derivatives of anthracene, tetracene, xan- 
thene, perylene, rubrene, coumarin, rhodamine, and 
quinacridone, dicyanomethylenepyran compounds, thi- 
opyran compounds, polymethine compounds, pyrilium 

5 and thiapyrilium compounds, fluorene derivatives, peri- 
flanthene derivatives, indenoperylene derivatives, bis 
(azinyt)amine boron compounds, bis(azinyl)methane 
compounds, and carbostyryt compounds. 
[0056] Preferred thin film-forming materials for use in 

10 forming the ETL in the organic EL units of the present 
invention are metal chelated oxinoid compounds, in- 
cluding chelates of oxine itself (also commonly referred 
to as 8-quinolinol or 8-hydroxyquinoline). Such com- 
pounds help to inject and transport electrons, exhibit 

15 high levels of performance, and are readily fabricated in 
the form of thin films. Exemplary oxinoid compounds 
were listed previously. 

[0057] Other electron-transporting materials include 
various butadiene derivatives as disclosed in US-A- 

20 4,356,429 and various heterocyclic optical brighteners 
as described in US-A-4,539,507. Benzazoles and tri- 
azines are also useful electron-transporting materials. 
[0058] While not always necessary, it is often useful 
to provide an EIL in the N m organic EL unit to contact 

25 the cathode 1 40. The EIL can serve to facilitate injection 
of electrons into the ETL and to increase the electrical 
conductivity resulting in a low driving voltage of the cas- 
caded OLED. Suitable materials for use in the EIL are 
the aforementioned ETL with strong reducing agents as 

30 dopants or with low work-function metals (< 4.0 eV) as 
dopants described in aforementioned n-type doped or- 
ganic layer for use in the connecting units. Alternative 
inorganic electron-injecting materials can also be useful 
in the organic EL unit which will be described in following 

35 paragraph. 

[0059] When light emission is viewed solely through 
the anode, the cathode 140 used in the present inven- 
tion can be comprised of nearly any conductive material. 
Desirable materials have good film-forming properties 

to to ensure good contact with the underlying organic layer, 
promote electron injection at low voltage, and have good 
stability. Useful cathode materials often contain a low 
work-function metal (< 4.0 eV) or metal alloy. One pre- 
ferred cathode material is comprised of a Mg:Ag alloy 

45 wherein the percentage of silver is in the range of 1 to 
20%, as described in US-A-4,885,221. Another suitable 
class of cathode materials includes bilayers comprising 
a thin inorganic EIL in contact with organic layer (for ex- 
ample, ETL), which is capped with a thicker layer of a 

50 conductive metal. Here, the inorganic EIL preferably in- 
cludes a low work-function metal or metal salt, and if so, 
the thicker capping layer does not need to have a low 
work-function. One such cathode is comprised of a thin 
layer of LiF followed by a thicker layer of A1 as described 

55 in US-A-5,677,572. Other useful cathode material sets 
include, but are not limited to, those disclosed in US-A- 
5,059,861; US-A-5,059,862; and US-A-6, 140,763. 
[0060] When light emission is viewed through the 
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cathode, the cathode must be transparent or nearly 
transparent. For such applications, metals must be thin 
or one must use transparent conductive oxides, or a 
combination of these materials. Optically transparent 
cathodes have been described in more detail in US-A- 
4 885,211; US-A-5,247,190; US-A-5,703,436; US-A- 
5,608,287; US-A-5,837,391; US-A-5,677,572; US-A- 
5,776,622; US-A-5,776,623; US-A-5,7 14,838; US-A- 
5,969,474; US-A-5,739,545; US-A-5,981,306; US-A- 
6,137,223; US-A-6, 140,763; US-A-6, 172,459; US-A- 
6,278,236; US-A-6, 284, 393; JP 3,234,963; and EP 1 
076 368. Cathode materials are typically deposited by 
thermal evaporation, electron-beam evaporation, ion 
sputtering, or chemical vapor deposition. When needed, 
patterning can be achieved through many well known 
methods including, but not limited to, through-mask dep- 
osition, integral shadow masking, for example, as de- 
scribed in US-A-5,276,380 and EP 0 732 868, laser ab- 
lation, and selective chemical vapor deposition. 
[0061] In some instances, LEL and ETL in the organic 
EL units can optionally be collapsed into a single layer 
that serves the function of supporting both light emission 
and electron-transportation. It also known in the art that 
emitting dopants may be added to the HTL, which may 
serve as a host. Multiple dopants may be added to one 
or more layers in order to create a white-emitting OLED, 
for example, by combining blue- and yellow-emitting 
materials, cyan- and red-emitting materials, or red-, 
green-, and blue-emitting materials. White-emitting de- 
vices are described, for example, in U.S. Patent Appli- 
cation Publication 2002/0025419 A1; US-A-5,683,823; 
US-A-5,503,910; US-A-5,405,709; US-A-5,283,182; 
EP 1 187 235; and EP 1 182 244. 
[0062] Additional layers such as electron or hole- 
blocking layers as taught in the art may be employed in 
devices of the present invention. Hole-blocking layers 
are commonly used to improve efficiency of phospho- 
rescent emitter devices, for example, as in U.S. Patent 
Application Publication 2002/0015859 A1. 
[0063] The organic materials mentioned above are 
suitably deposited through a vapor-phase method such 
as thermal evaporation, but can be deposited from a flu- 
id, for example, from a solvent with an optional binder 
to improve film formation. If the material is a polymer, 
solvent deposition is useful but other methods can be 
used, such as sputtering or thermal transfer from a do- 
nor sheet. The material to be deposited by thermal evap- 
oration can be vaporized from an evaporation "boat" of- 
ten comprised of a tantalum material, for example, as 
described in US-A-6,237, 529, or can be first coated onto 
a donor sheet and then sublimed in closer proximity to 
the substrate. Layers with a mixture of materials can uti- 
lize separate evaporation boats or the materials can be 
pre-mixed and coated from a single boat or donor sheet. 
Patterned deposition can be achieved using shadow 
masks, integral shadow masks (US-A-5,294,870), spa- 
tially-defined thermal dye transfer from a donor sheet 
(US-A-5,688,551; US-A-5,851,709; and US-A- 



6,066,357) and inkjet method (US-A-6 ,066,357). 
[0064] Most OLED devices are sensitive to moisture 
or oxygen, or both, so they are commonly sealed in an 
inert atmosphere such as nitrogen or argon, along with 
5 a desiccant such as alumina, bauxite, calcium sulfate, 
clays, silica gel, zeolites, alkaline metal oxides, alkaline 
earth metal oxides, sulfates, or metal halides and per- 
chlorates. Methods for encapsulation and desiccation 
include, but are not limited to, those described in US-A- 
10 6,226,890. In addition, barrier layers such as SiOx, Te- 
flon, and alternating inorganic/polymeric layers are 
known in the art for encapsulation. 
[0065] OLED devices of the present invention can 
employ various well known optical effects in order to en- 
15 hance its properties if desired. This includes optimizing 
layer thicknesses to yield maximum light transmission, 
providing dielectric mirror structures, replacing reflec- 
tive electrodes with light-absorbing electrodes, provid- 
ing anti-glare or anti-reflection coatings over the display, 
20 providing a polarizing medium over the display, or pro- 
viding colored, neutral density, or color conversion filters 
over the display. Filters, polarizers, and anti-glare or an- 
ti-reflection coatings may be specifically provided over 
the cover or as part of the cover. 
25 [0066] The entire contents of the patents and other 
publications referred to in this specification are incorpo- 
rated herein by reference. 
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EXAMPLES 

[0067] The following examples are presented for a 
further understanding of the present invention. For pur- 
poses of brevity, the materials and layers formed there- 
from will be abbreviated as given below. 



35 



40 



ITO: 



CFx: 



NPB: 



45 



Alq: 



50 



F4-TCNQ: 



55 



Li: 



indium-tin-oxide; used in forming the 
transparent anode on glass substrates 
polymerized fluorocarbon layer; used in 
forming a hole-injecting layer on top of 
ITO 

N.N'-ditnaphthalene-l-ylJ-N.N'-diphenyl- 
benzidine; used in forming the hole-trans- 
porting layer in the organic EL unit, and 
also used as the host in forming the p-type 
doped organic layer in the connecting 
unit. 

tris(8-hydroxyquinoline)aluminum(III); 
used in forming both the electron-trans- 
porting layer in the organic EL unit, and 
also used as host in forming the n-type 
doped organic layer in the connecting 
unit. 

2,3,5,6-tetrafluoro-7,7,8 t 8-tetracyanoqui- 
nodimethane; used as p-type dopant in 
forming the p-type doped organic layer in 
the connecting unit. 

Lithium; used as n-type dopant in forming 
the n-type doped organic layer in the con- 



10 



EP 1 408 563 A2 



t 

18 



necting unit. 

Mg:Ag: magnesium: silver at a ratio of 10:0.5 by 
volume: used in forming the cathode. 

[0068] The electroluminescence characteristics of all 5 
the fabricated devices were evaluated using a constant 
current source and a photometer at room temperature. 
The fabricated devices are operated at 20 mA/cm 2 and 
at the room temperature for operational stability test. 

Example 1 (Conventional PLED - comparative) 

[0069] The preparation of a conventional non-cascad- 
ed OLED is as follows: A— 1 .1 mm thick glass substrate 
coated with a transparent ITO conductive layer was 
cleaned and dried using a commercial glass scrubber 
tool. The thickness of ITO is about 42 nm and the sheet 
resistance of the ITO is about 68 ft/square. The ITO sur- 
face was subsequently treated with oxidative plasma to 
condition the surface as an anode. A layer of CFx, 1 nm 
thick, was deposited on the clean ITO surface as the HIL 
by decomposing CHF 3 gas in RF plasma treatment 
chamber. The substrate was then transferred into a vac- 
uum deposition chamber for deposition of all other lay- 
ers on top of the substrate. The following layers were 
deposited in the following sequence by sublimation from 
a heated boat under a vacuum of approximately 10 -6 
Torn 

(1) a HTL, 75 nm thick, consisting of NPB; 

(2) an ETL (also serving as the emissive layer), 60 
nm thick, consisting of Alq; 

(3) a cathode, approximately 210 nm thick, consist- 
ing of Mg:Ag. 

[0070] After the deposition of these layers, the device 
was transferred from the deposition chamber into a dry 
box for encapsulation. The completed device structure 
is denoted as ITO/CFx/NPB(75)/Alq(60)/Mg:Ag. 
[0071] This device requires a driving voltage of 7.3 V 
to pass 20 mA/cm 2 . Its luminance is 495 cd/m 2 and its 
luminance efficiency is about 2.5 cd/A. The luminance 
decay vs. operational time is shown in FIG. 3, and the 
voltage evolution vs. operational time is shown in FIG. 
4. After 300 hours' operation, the luminance is dropped 
by about 20%, but the driving voltage is basically un- 
changed. 

Example 2 (Comparative) 

[0072] The preparation of a cascaded OLED is as fol- 
lows: A —1.1 mm thick glass substrate coated with a 
transparent ITO conductive layer was cleaned and dried 
using a commercial glass scrubber tool. The thickness 
of ITO is about 42 nm and the sheet resistance of the 
ITO is about 68 Q/square. The ITO surface was subse- 
quently treated with oxidative plasma to condition the 
surface as an anode. A layer of CFx, 1 nm thick, was 



deposited on the clean ITO surface as the HIL by de- 
composing CHF 3 gas in RF plasma treatment chamber. 
The substrate was then transferred into a vacuum dep- 
osition chamber for deposition of all other layers on top 
of the substrate. The following layers were deposited in 
the following sequence by sublimation from a heated 
boat under a vacuum of approximately 10 -6 Torn 

(1 ) a HTL, 90 nm thick, consisting of NPB; 

(2) an ETL (also serving as the emissive layer), 30 
nm thick, consisting of Alq; 

[NPB(90 nm)/Alq(30 nm), denoted as EL1 , consists 
of the 1 st EL unit]; 

(3) a n-type doped organic layer, 30 nm thick, con- 
sisting of Alq host doped with 1 .2 vol. % Li; 

(4) a p-type doped organic layer, 60 nm thick, con- 
sisting of NPB host doped with 6 vol. % F 4 -TCNQ 
[Li doped Alq(30 nm)/F 4 -TCNQ doped NPB(60 nm) 
consists of the 1 st connecting unit]; 

(5) a HTL, 30 nm thick, consisting of NPB; 

(6) a LEL, 30 nm thick, consisting of Alq; 

(7) an ETL 30 nm thick, consisting of Alq host doped 
with 1.2 vol. % Li; 

[NPB(30 nm)/Alq(30 nm)/Alq:Li(30 nm), denoted as 
EL2, consists of the 2 nd EL unit; 

(8) a cathode, approximately 210 nm thick, consist- 
ing of Mg:Ag. 

[0073] After the deposition of these layers, the device 
was transferred from the deposition chamber into a dry 
box for encapsulation. The completed device structure 
is denoted as ITO/CFx/EL1/Alq:Li(30 nm)/NPB:F4-TC- 
NQ(60 nm)/EL2/Mg:Ag. 

[0074] This cascaded OLED requires a driving volt- 
age of 14.3 V to pass 20 mA/cm 2 . Its luminance is 1166 
cd/m 2 and its luminance efficiency is about 5.8 cd/A, 
which are twice as high as those of Example 1 . The lu- 
minance decay vs. operational time is shown in FIG. 3. 
After 300 hours' operation, the luminance is dropped by 
about 15%. The voltage evolution vs. operational time 
is shown in FIG. 4. It is obvious that the driving voltage 
is operationally unstable. After 300 hours' operation, the 
driving voltage is increased by 50%. 

Example 3 (Inventive) 

[0075] A cascaded OLED was fabricated as the same 
as Example 2 except that a 2-nm-thick PbO was dis- 
posed between the Li doped Alq layer and the F4-TCNQ 
doped NPB layer in the connecting unit. 
[0076] The cascaded device structure is denoted as . 
ITO/CFx/EL1/Alq:Li(30 nm)/PbO(2 nm)/NPB:F 4 -TCNQ 
(60 nm)/EL2/Mg:Ag. 

[0077] This cascaded OLED requires a driving volt- 
age of 12.6 V to pass 20 mA/cm 2 . Its luminance is 1177 
cd/m 2 and its luminance efficiency is about 5.9 cd/A, 
which are twice as high as those of Example 1. The lu- 
minance decay vs. operational time is shown in FIG. 3. 
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After 300 hours' operation, the luminance dropped by 
about 10%. The voltage evolution vs. operational time 
is shown in FIG. 4. The driving voltage is basically un- 
changed after 300 hours' operation due to the insertion 
of the 2 nm thick PbO semiconducting interfacial layer 
in between the n-type doped organic layer and the p- 
type doped organic layer of the connecting unit. 

Example 4 (Inventive) 

[00781 A cascaded OLED was fabricated as the same 
as Example 2 except that a 4-nm-thick Sb 2 O s was dis- 
posed between the Li doped Alq layer and the F4-TCNQ 
doped NPB layer in the connecting unit. 
[0079] The cascaded device structure is denoted as 
ITO/CFx/EL1/Alq:Li(30 nm)/Sb 2 0 5 (4 nm)/NPB:F.-TC- 
NQ(60 nm)/EL2/Mg:Ag. 

[0080] This cascaded OLED requires a driving volt- 
age of 13 V to pass 20 mA/cm 2 Its luminance is 1184 
cd/m 2 and its luminance efficiency is about 5.9 cd/A, 
which are twice as high as those of Example 1. The lu- 
minance decay vs. operational time is shown in FIG. 3. 
After 300 hours' operation, the luminance dropped by 
about 15%. The voltage evolution vs. operational time 
is shown in FIG. 4. The driving voltage is basically un- 
changed after 300 hours' operation due to the insertion 
of the 4 nm thick Sb 2 0 5 semiconducting interfacial layer 
in between the n-type doped organic layer and the p- 
type doped organic layer of the connecting unit. 

Example 5 (Inventive) 



10 



15 



20 



25 



30 



[0081] A cascaded OLED was fabricated as the same 
as Example 2 except that a 0.5-nm-thick Ag was dis- 
posed between the Li doped Alq layer and the F4-TCNQ 35 
doped NPB layer in the connecting unit. 
[0082] The cascaded device structure is denoted as 
ITO/CFx/EL1/Alq:Li(30 nm)/Ag(0.5 nm)/NPB:F4-TCNQ 
(60 nm)/EL2/Mg:Ag. 

[0083] This cascaded OLED requires a driving volt- 40 
age of 12.7 V to pass 20 mA/cm 2 its luminance is 1121 
cd/m 2 and its luminance efficiency is about 5.6 cd/A, 
which are twice as high as those of Example 1. The lu- 
minance decay vs. operational time is shown in FIG. 3. 
After 300 hours' operation, the luminance dropped by 45 
about 15%. The voltage evolution vs. operational time 
is shown in FIG. 4. The driving voltage is basically un- 
changed after 300 hours' operation due to the insertion 
of the 0.5 nm thick Ag metallic interfacial layer in be- 
tween the n-type doped organic layer and the p-type so 
doped organic layer of the connecting unit. 
[0084] The above examples demonstrate that signifi- 
cant increase in luminance efficiency can be achieved 
by using a cascaded OLED structure of the present in- 
vention comparing the conventional OLED. If operated 55 
with the same luminance, significant increase in opera- 
tional lifetime can also be achieved by using the cas- 
caded OLED structure of the present invention compar- 
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mg the conventional OLED. Moreover, during operation 
the driving voltage can be stabilized due to the insertion 
of the interfacial layer in the connecting unit. 

Claims 

1. A cascaded organic electroluminescent device 
comprising: 

a) an anode; 

b) a cathode; 

c) a plurality of organic electroluminescent 
units disposed between the anode and the 
cathode, wherein the organic electrolumines- 
cent units comprise at least a hole-transporting 
layer and an electron-transporting layer; and 

d) a connecting unit disposed between each 
adjacent organic electroluminescent unit, 
wherein the connecting unit comprises, in se^ 
quence, an n-type doped organic layer, an in- 
terfacial layer, and a p-type doped organic lay- 
er, and wherein the interfacial layer prevents 
diffusion or reaction between the n-type doped 
organic layer and the p-type doped organic lay- 
er. 

. The connecting unit of claim 1 wherein the interfa- 
cial layer has at least 90% optical transmission in 
the visible region of the spectrum. 

The connecting unit of claim 1 wherein the interfa- 
cial layer comprises at least one material having an 
electron energy band gap less than 4.0 eV. 

The connecting unit of claim 1 wherein the interfa- 
cial layer includes the stoichiometric oxides or non- 
stoichiometric oxides of titanium, zirconium, hafni- 
um, vanadium, niobium, tantalum, chromium, mo- 
lybdenum, tungsten, manganese, rhenium, iron, ru- 
thenium, osmium, cobalt, rhodium, iridium, nickel, 
palladium, platinum, copper, zinc, cadmium, gal- 
lium, thallium, silicon, germanium, lead, and anti- 
mony, or combinations thereof. 

The connecting unit of claim 1 wherein the interfa- 
cial layer includes the stoichiometric sulfides or 
nonstoichiometric sulfides of titanium, zirconium, 
hafnium, vanadium, niobium, tantalum, chromium, 
molybdenum, tungsten, manganese, rhenium, iron' 
ruthenium, osmium, cobalt, rhodium, iridium, nickel,' 
palladium, platinum, copper, zinc, cadmium, gal- 
lium, thallium, silicon, germanium, lead, and anti- 
mony, or combinations thereof. 

The connecting unit of claim 1 wherein the interfa- 
cial layer includes the stoichiometric selenides or 
nonstoichiometric selenides of titanium, zirconium, 
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hafnium, vanadium, niobium, tantalum, chromium, 
molybdenum, tungsten, manganese, rhenium, iron, 
ruthenium, osmium, cobalt, rhodium, iridium, nickel, 
palladium, platinum, copper, zinc, cadmium, gal- 
lium, thallium, silicon, germanium, lead, and anti- 5 
mony, or combinations thereof. 

7. The connecting unit of claim 1 wherein the interfa- 
cial layer includes the stoichiometric nitrides or non- 
stoichiometric nitrides of titanium, zirconium, hafni- 10 
um, vanadium, niobium, tantalum, chromium, mo- 
lybdenum, tungsten, manganese, rhenium, iron, ru- 
thenium, osmium, cobalt, rhodium, iridium, nickel, 
palladium, platinum, copper, zinc, cadmium, gal- 
lium, thallium, silicon, germanium, lead, and anti- *5 
mony, or combinations thereof. 

8. The connecting unit of claim 1 wherein the interfa- 
cial layer includes the stoichiometric carbides or 
nonstoichiometric carbides of titanium, zirconium, 20 
hafnium, vanadium, niobium, tantalum, chromium, 
molybdenum, tungsten, manganese, rhenium, iron, 
ruthenium, osmium, cobalt, rhodium, iridium, nickel, 
palladium, platinum, copper, zinc, cadmium, gal- 
lium, thallium, silicon, germanium, lead, and anti- 25 
mony, or combinations thereof. 

9. The connecting unit of claim 1 wherein the interfa- 
cial layer comprises at least one metallic material. 

30 

10. The connecting unit of claim 1 wherein the interfa- 
cial layer comprises at least one metallic material 
having a work-function higher than 4.0 eV. 

11. The connecting unit of claim 1 wherein the interfa- 35 
cial layer has a thickness in a range of 0.1 nm to 10 
nm. 

12. The connecting unit of claim 1 wherein the interfa- 
cial layer has a thickness in a range of 0.1 nm to 5 *o 
nm. 

13. The connecting unit of claim 1 where in the interfa- 
cial layer is produced by thermal evaporation. 

45 

14. The connecting unit of claim 1 where in the interfa- 
cial layer is produced by electron-beam evapora- 
tion. 

15. The connecting unit of claim 1 where in the interfa- 50 
cial layer is produced by ion sputtering technique. 
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